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ABSTRACT

We compare the optical properties of various geometric shapes with single atmospheric Asian dust and
marine background air particles collected at Mauna Loa Observatory. Three-dimensional representations
of the particles were acquired with focused ion-beam (FIB) tomography, which involves FIB milling of
individual particles followed by imaging and elemental mapping with scanning electron microscopy.
Particles were heterogeneous with mainly dolomite or calcite and a minor amount of iron; marine air
particles contained gypsum but no iron. Extinction and backscatter fraction were calculated with the
discrete dipole approximation method. Geometric shapes were grouped as ellipsoids (sphere, spheroid,
ellipsoid), cuboids (cube, square prism, rectangular prism), and pyramids (tetrahedron, triangular
pyramid). Each group represented a progression of shapes with 1, 2, or 3 non-identical axes. Most shapes
underestimated particle extinction and overestimated the backscatter fraction. Not surprisingly, extinction
and the backscatter fraction of the sphere and cube were furthest from those of the particles. While the 3-
axis ellipsoid and rectangular prism were closer dimensionally to the particles, extinction and the
backscatter fraction for the 2-axis spheroid and square prism, respectively, were often closer to the
particles. The extinction and backscatter fraction for the tetrahedron and triangular pyramid were closer
on average to the actual particles than were the other shapes. Tetrahedra have the advantage that
parameterization of an aerosol model for remote sensing would not require an aspect ratio distribution.
Particle surface roughness invariably decreased the backscatter fraction. While surface roughness
typically contributes a minor part to overall scattering, in some cases the larger surface area of the
tetrahedron and triangular pyramid sufficiently accounted for enhanced forward scattering of particles

from surface roughness.
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1. INTRODUCTION

Dust aerosols affect climate by shifting Earth’s radiative balance either by direct interaction with solar
and longwave radiation or indirectly by serving as cloud condensation nuclei and affecting physical
processes in clouds. The largest radiative-forcing uncertainties are associated with aerosol-cloud
interactions [1]. Uncertainties in the direct radiative forcing by mineral dusts are associated with the large
geographic and temporal variability in the size, shape, and composition of dust particles [2]. Atmospheric
dust is often assumed to be of mineral origin, i.e., natural, from large dust releasing regions such as the
deserts of the Sahara, Gobi, and Taklamakan [3-5]. However, dust from agricultural land use and urban
areas with uniquely anthropogenic compositions such as vehicular brake wear, wear from roads and other
structures, demolition dust, etc., contributes significantly to global dust load [6, 7]. A common

characteristic of mineral and urban dusts is particle shape irregularity [8-11].

Remote sensing of aerosols is typically accomplished with satellite-based spectroradiometers that detect
light reflected from Earth’s surface and scattered by the atmosphere, with ground-based sun photometers
pointed skyward to detect sunlight scattered by aerosols, and with Lidar that detects reflected laser light
that has interacted with aerosols. Examples of satellite-based instruments are VIIRS (Visible Infrared
Imaging Radiometric Suite) on board the Suomi National Polar-Orbiting Partnership satellite in
collaboration with the National Oceanic and Atmospheric Administration [12, 13], MODIS (MODerate-
resolution Imaging Spectroradiometer) on board the National Aeronautics and Space Administration’s
(NASA) Aqua and Terra satellites [14, 15], and MISR (Multi-angle Imaging SpectroRadiometer) on
board NASA’s Terra satellite [16, 17]. The AERONET (AErosol RObotics NETwork) system of sun
photometers provides ground-based reference data for validating satellite retrievals [18, 19]. The CALIOP
(Cloud-Aerosol Lidar with Orthogonal Polarization) infrared Lidar imager on board CALIPSO (Cloud-
Aerosol Lidar and Infrared Pathfinder Satellite Observation) is used to study the indirect aerosol effect

[20, 21].

The most important aerosol property from remote sensing is aerosol optical depth (AOD), which is
proportional to the total aerosol concentration in the air column. AOD is also the integrated extinction
coefficient for the population of particles in the air column. To determine AOD from spectroradiometry
an inverse modeling scheme is required. A necessary component of inverse modeling is an aerosol model.
The aerosol model parameterizes the population of particles in the air column by assuming an average
composition (complex refractive index) or series of compositions, one or more particle size distributions,
and representative particle shape geometries. By parameterizing the particle population, the aerosol model

provides input for calculating the scattering phase function (angular intensity of scattered light) and the
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single scattering albedo (scattering cross section divided by the extinction cross section for a single

scattering event), which are then used to determine AOD [22].

A critical part of the aerosol model is representation of the shapes of real particles. Kahnert et al. [23]
provide a thorough review of particle shape and its importance in remote sensing. While the optical
properties of particles as spheres are easier to calculate using Lorenz-Mie theory, biaxial spheroids have
long been used to account for shape irregularity in mineral dust particles [24-27]. To this end, it is well
known that the phase function for spheroids differs significantly from that of spheres [28] when the
imaginary part of the complex refractive index is not too large, e.g., < 0.5 [29]. Spheroids tend to correct
for anomalously low scattering at side angles and high backscattering as exhibited in the phase function
for spheres [10, 28][29]. Current aerosol models for deriving AOD from MODIS and AERONET spectra
use spheres for particles < 1 um in diameter and spheroids with size and aspect ratio distributions for

particles > 1 um [26, 30]. Mineral dust is typically in the coarse size range, e.g., > 1 um.

Optical properties of other simplified shapes such as finite cylinders [31] [32]and various polyhedra [10,
27] have been used to model scattering by mineral dust. Models of irregularly-shaped agglomerates have
been compared with spheroids in their agreement with measured optical properties of feldspar particles
[33]. To account for surface roughness, surface features are often added to simple shapes. Surface
roughness has been modeled with 2- and 3-D Chebyshev functions [34, 35], Gaussian perturbation at the
surface of spheres [36] and Gaussian random spheres [37], and particles dusted with small surface grains
[38]. Stereogrammetric renderings of real particles from electron microscopy with added randomized

surface features have also been used to model surface roughness [39].

It is tempting to provide more complexity to shape models to better mimic the angularity of real particles.
A benefit of complex shape models is that the disorder in their morphologies allows for scattering
responses to converge, suggesting that a specific shape has little effect on the retrieval of aerosol
properties with remote sensing [40, 41]. Kalashnikova and Sokolik [42] generated complex shapes
consisting of randomly-formed aggregates of sharp-edged rectangles and cubes along with aggregates of
spheres and calculated their optical properties with compositions and sizes resembling Saharan and Asian
dust. A comparison of the optical properties of these complex shapes with spheres and spheroids

confirmed the need to consider shape angularity when understanding the optical behavior of mineral dust.

As particle shape in aerosol models becomes more complex, models run the risk of becoming impractical
for use in remote sensing. First, retrieval of aerosol properties becomes computationally more
burdensome if aerosol models require additional parameterization due to shape complexity. Second and

perhaps more important, the more complex a particle shape becomes to where it nearly replicates real
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particles exactly, the less universal the shape becomes for determining aerosol properties at the
mesoscale, i.e., in different regions and points in time. The argument against making shape constructs too
complex for remote sensing is poignantly made by Kahnert et al. [23]. Rather than having complex
particle shapes incorporated in aerosol models for remote sensing, they are perhaps more useful as

reference models with which to evaluate more simplified shape models.

Determining which particle shape distribution works best in remote sensing has invariably been based on
the average optical behavior of particle ensembles rather than single particles. However, the optical
behavior of a shape selected for remote sensing of a particle population may not match well the behavior
of an individual particle. For spheroids, distributions for size and aspect ratio may be adjusted to resemble
the phase function and polarization of an ensemble of real particles. However, the refractive indices for
the shapes may then not agree with the refractive indices of the actual particles. If refractive indices are
made to agree, the aspect ratio distribution may not. A “universal” ensemble of spheroids to match the
phase function of a population of real dust particles has been elusive [43]. Kahnert et al. [23] has warned
“... one should not think that when using spheroids to mimic scattering by more complex particles, best

results would be achieved using aspect ratios of the target particles for the spheroids.”

The purpose of the current work is to determine how well the optical properties of simple geometric
shapes compare with the properties of single heterogeneous atmospheric dust particles. A series of shapes
was employed that had the same volume, aspect ratio, and refractive indices as the actual particles. We
primarily focus on the extinction efficiency and the backscatter fraction. We show the backscatter fraction
in this work rather than the asymmetry parameter because the former provides a more direct indication of

the extent of scattering backward from the light source.
[44]Three groups of three-dimensional particle shapes were studied:

* Ellipsoid group: sphere, spheroid (prolate and oblate), ellipsoid
*  Cuboid group: cube, square prism, rectangular prism

*  Pyramid group: tetrahedron, triangular pyramid

Each group represents a progression of lower-order to higher-order shapes with lower-order shapes such
as a sphere and cube having identically-sized axes in 3-D space and higher-order shapes having axes with
different sizes in 3-D space. Lower-order and higher-order shapes can also be defined by the axes aspect
ratio (or the height-to-width ratio). For example, square prisms and spheroids have two non-identical axes
and one aspect ratio, while ellipsoids have three non-identically axes and two aspect ratios. Spheres and
cubes have no aspect ratio. In the pyramid group, the tetrahedron can be defined as having identically

sized axes from the center of the tetrahedron to its four vertices, and no aspect ratio. The height of the
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triangular pyramid is greater than that of the tetrahedron and, thus, has two axes (height and edge length)

and one aspect ratio.

The shape groups can also be characterized by angularity. We define angularity as how abruptly a plane
touching the surface of a shape would shift direction as it moves over the surface. The cube, square prism,
and rectangular prism have high angularity because a plane moving over the surface shifts abruptly by 90°
at the shapes’ edge. The tetrahedron and triangular pyramid also have high angularity. In the tetrahedron,
a plane moving between faces shifts abruptly by 70.5°, the face-edge-face (or dihedral) angle. The sphere,
spheroid, and ellipsoid have low angularity because of their curvature. Angularity is correlated with

surface area. Shapes with high angularity in this study have larger surface area.

The particles in this work were Asian dust and background marine air particles collected at Mauna Loa
Observatory (MLO) in Hawaii, U.S. In a previous paper [45], we reported on the selection of samples
from MLO based on meteorological back trajectories and global aerosol maps. We also showed how
particle composition was determined from [45]scanning electron microscopy and energy dispersive x-ray
spectrometry (SEM-EDX). Exact spatial representations for 13 of the particles were then created with
focused ion-beam (FIB) tomography. We also reported previously the extinction efficiency and the
backscatter fraction for each selected particle, calculated from the spatial representations with the discrete

143 dipole approximation (DDA) method [46].

144  As we reported previously [45], [44]two groups of

Asian dust particles were studied. One group
largely contained the mineral-phases dolomite
(CaMg(CO:s3),), the other group calcite (CaCOs3).
Others have used SEM-EDX and DDA to model
the optical properties of flake-like calcite particles
to compare with spheroidal models [47]. DDA
models of rhomboidal and flake-like calcite

152  particles have been compared with calcite

153 scattering measurements [48]. The Asian dust

154  particles in our study were heterogeneous, with

C,, axis
additional phases such as clay or feldspar

Figure 1. Schematic from ref. 43 of a
heterogeneous particle containing two inclusion
contained iron. Iron oxides such as magnetite or phases (dark gray) within a matrix phase (light
hematite can strongly affect particle optical 8ray). Each phase is shown with a uniaxial indicatrix
which indicates the relative magnitudes of the two
refractive indices, w and g, if vibration of the
incident light were to align with the respective

minerals[45]. In addition, the Asian dust particles
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properties because they absorb in the visible spectrum unlike most other common minerals [49, 50]. The
background marine air particles were also heterogeneous but largely contained gypsum (Ca(SO4)-2(H20))
and little or no iron [45]. Mineral mass percent compositions of the 13 particles are shown in Table S1 in

Supporting Information.

In this work, we used a novel approach to assess the optical behavior of compositionally heterogeneous
particles, as we reported previously [45]. [45]When inclusions are embedded in a larger matrix, different
spatial orientations of the inclusions will result in different refractive indices for the overall particle. If the
exact positions of the inclusions within a particle are unknown, as was the case in this study, then a range
of refractive indices is possible for the particle. Figure 1 depicts how two inclusions with uniaxial optical
anisotropy might be oriented in a larger phase also with uniaxial anisotropy. A uniaxial indicatrix is
associated with each phase, indicating that each phase has two refractive indices: ® (ordinary) and &
(extraordinary). The orthogonal axes of each indicatrix indicate the magnitudes of the refractive indices if
vibration of the incident light wave were to align with the optical axis of each phase (C;, for the inclusions
and Cy, for the matrix). We calculated an upper and lower limit to the particle’s overall refractive index to
reflect the range of possible refractive indices. These refractive indices were then used with the DDA
method to determine the range and midpoint of possible values for the extinction efficiency and

backscatter fraction for the particles calculated previously [45] and the geometric shapes in this study.

A similar comparison of the optical properties of three-dimensional shapes and single particles was
reported by Lindqvist et al. [44]. Particle shape was generated from pairs of SEM images, whereby each
image in the pair was collected at a slightly different angle position of the instrument stage.
Corresponding points in the image pair were registered and processed mathematically to form a 3-D
representation of the particle surface, a technique known as stereogrammatic shape retrieval. As in our
study, particle composition was determined by EDX, and refractive indices were selected from literature.
Optical properties for the 3-D representations were calculated by the DDA method for incident light in the
visible (550 nm). Four dust particles were studied by Lindqvist et al.: 1) a calcite particle with magnesium
and clay minerals, 2) a dolomite particle containing clay minerals, 3) a silicate particle rich in magnesium,
and 4) an aggregate of likely feldspar, illite, quartz, and a clay mineral. Particle shapes included the

sphere, spheroid, and a Gaussian random sphere.

While similarities exist between our work and Lindqvist et al. such as particle composition from EDX and
optical properties from DDA, our work differs from Lindqvist et al. in several ways. First, we expand the
number of geometric shapes to include cuboidal and pyramid shapes. Second, we employ FIB
tomography to construct 3-D spatial representations rather than stereogrammatic shape retrieval. Third,

we employ upper and lower limits for the refractive index of each particle to account for the variation in

7
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the spatial arrangement of inclusions within each particle. Fourth, as described in the Results section, we
modeled the iron component of each particle as light-absorbing oxides and non-absorbing carbonates.
Finally, we investigate how well geometric shape may account for particle surface roughness by

smoothing the 3-D spatial representations of the particles from FIB tomography.
2. METHODS

2.1. Mineral Dust Particles

Thirteen particles were studied: nine of Asian dust and four from background marine air. Four of the
Asian dust particles contained dolomite and five contained calcite. Details were presented previously [45]
on how Asian dust and background marine air aerosol at MLO were sampled, particle populations for
each sample were analyzed and classified by SEM-EDX, individual particles were selected and analyzed
by SEM-EDX, and how FIB tomography was performed. Briefly, 12 filter samples of particles <10 um in
size were collected over 72 hours at MLO during March and April 2011. Six samples were collected
during daytime (“D” samples) and integrated over 72 hours; six nighttime (“N”’) samples were collected
by also integrating over 72 hours. Dust monitoring information and meteorological back trajectories were
used to identify when Asian dust likely reached MLO. Automated SEM-EDX particle analysis was used
to identify two classes of Asian dust particles: CaMg which was considered to contain dolomite and Ca-
rich which was considered to contain calcite. In addition, one class of background marine air particles Ca-
S was identified as containing gypsum. The three particle classes were distinctly different from classes of
local dusts. Individual particles from two daytime samples (1D, 3D) and two nighttime samples (2N, 4N)

were then selected for modeling.

FIB tomography involves the sequential milling of a single particle with a gallium ion beam followed by
imaging of each milled slice with SEM and element mapping with EDX [51, 52]. When the ion-beam
column is a component of the SEM instrument, the technique is FIB-SEM. The instrument used here was
an FEI Nova NanoLab 600 Dual Beam (Thermo-Fisher Scientific, Waltham, MA, U.S.).! Element
mapping is used to determine the composition heterogeneity of the particle. Element mapping with FIB-
SEM can often identify the locations of the inclusion phases within a particle [S3]. However, for the
particles collected at MLO, element mapping could only identify the presence of a mineral phase in the

particle for the most part, not its location within the particle.

! Commercial products identified here specify the means by which experiments were conducted. Such identification
is neither intended to imply recommendation or endorsement by the National Institute of Standards and Technology
nor imply that the identified products are necessarily the best available for the purpose.
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In this work, we used DDSCAT ver. 7.3 [54] to implement the DDA method. With DDA, the particle
consists of a set of dipoles that are subject to the incident electric field as well as the electric fields from
neighboring dipoles. First, secondary electron images from FIB tomography were used to construct a 3-
dimensional spatial model of each particle using segmentation techniques in Avizo ver. 7 (Thermo-Fisher
Scientific, Waltham, MA, U.S.). Coordinates of the voxels from the 3-D spatial model were then input to
DDSCAT along with complex refractive indices.

Details of how DDSCAT runs were parameterized were reported previously [45]. Briefly, the particle is
defined in DDSCAT as a target in a computational lab frame. The incident light was in the visible at 589
nm. The target was rotated relative to the light source to simulate random orientations of a particle. Two
angles, ® and ®, specify the position of the target relative to the direction of incident light. A third angle,
B, specifies the increment of rotation about the target’s axis. @ was incremented from 0° to 360° in steps
of 60°. ® was incremented 0° to 60°, 90°, 120°, and 180°, which is at uniform intervals of cos(®) from 1
to -1. B was incremented from 0° to 360° in steps of 60°. The number of orientations of the target about

the lab frame was 180.

2.2. Geometric Shape Models

For the geometric shapes, we used the “hardwired” targets in DDSCAT for the sphere, spheroid, ellipsoid,
cube, square prism, rectangular prism, and tetrahedron. DDSCAT targets and shape parameters are in
Table S2 in Supporting Information. For the triangular pyramid, cartesian coordinates for the DDSCAT
dipole positions were generated as a text file with a MATLAB script (see Supporting Information). The
triangular pyramid was generated with an upper and lower aspect ratio (triangular pyramid low, triangular

pyramid high) to bracket the aspect ratio of the particle as close as possible.

Aspect ratios for the particles were determined from a particle’s 3-D representation in Avizo. For the
major axis, we determined the longest distance by inspecting all 2-D planes through the particle in the xy ,
xz, and yz projections. First, we select the two longest distances in the xy, xz, and yz planes, for example,

the x distance in the xy and xz planes. The midpoint was then taken as the major axis.

For the aspect ratio’s minor axis, we determine the orthogonal axes in the y and z directions. We
measured the orthogonal y distance in the same xy plane as for the major axis. Next, we measured the
shorter orthogonal axis in the y direction in a corresponding yz plane. We then took the midpoint of the
two y measurements as the orthogonal axis in the y direction. For the orthogonal axis in the z direction,
we measured the distance in the z direction from the same yz plane used for the orthogonal axis in the y

direction. Next, we measured the shorter orthogonal axis in the z direction from the xz plane. We then
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took the midpoint of the two z measurements as the orthogonal axis in the z direction. For the minor axis,

we took the midpoint of the orthogonal axes in the y and z directions.

A similar approach was used to determine the axes for the shapes. For example, the major axis in a
prolate spheroid was the major axis from the corresponding particle’s major axis in the x direction. The
shorter orthogonal axis in the y or z direction from the particle was taken as the minor axis for the prolate
spheroid. For the ellipsoid, the major axis was similarly taken from the particle’s major axis in the x
direction. The two minor axes for the ellipsoid were taken from the particle’s orthogonal axes in the y and

z directions.

For the selected particles, we also determined sphericity [55]

'/3(6v)*/3

Y= ,
A

(1

where A and V are the surface area and volume of the particle, respectively, as the number of voxels on

the surface and in the interior of the particle from Avizo. The sphericity of a sphere is 1.

2.3. Average Complex Refractive Index

Complex refractive indices for the minerals were taken from the literature. Sources are reported in Tables
S5 to S7 of Supporting Information in Conny et al. [45]. The upper and lower limits to the complex
refractive index for each particle were determined as an average of the particle’s mineral phases using the
Maxwell Garnett dielectric function [56]. As an effective medium approximation, the Maxwell Garnett
dielectric function assumes that an inclusion phase is small compared to the matrix. We apply a version of

the Maxwell Garnett function that makes the approximation that inclusions are spherical [57]:

in— 270
31 (:-m+zeem )
Eavzem 1 + ZLT—ET:L .
1_f(ein+zem) 271
272 2)

Here, €, is the average dielectric function for the combined phase, f is the volume fraction of the
inclusion, €, is the dielectric function for the inclusion phase and €, is the dielectric function for the
matrix. The dielectric function is a complex number consisting of the real part €, ;, ,, and the imaginary
part €4, m. The complex dielectric function is then used to determine the complex refractive index
My, = Ny, + iky,. The real part (n.,) of the average refractive indices for the particle (lower and upper
limits) is Nay = sqrt{[(€iZ+€42)/? +€},|/2}. The imaginary part is ko, = sqrt{[(€3,+

€a)"? —€u]/2}.

10
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As shown previously [45], the average refractive indices are determined from the Maxwell Garnett
dielectric constant by adding the different inclusion phases sequentially by size. First, the inclusion phase
with the largest volume is added to the matrix to calculate the first average dielectric constant. This first
average constant now becomes the dielectric constant for the matrix. Next, the second largest inclusion
phase is added to the updated matrix to calculate the second average dielectric constant. This second
average constant now becomes the dielectric constant for the matrix. The sequence continues until all
inclusion phases, minus the smallest phase, are added to the matrix. The overall average dielectric
constant for the particle is then calculated from dielectric constants for the cumulative matrix and the last
inclusion phase. Table 1 shows the upper and lower limits to the average complex refractive index for the

particles with different forms of the minor iron phase as described below.

A drawback to using the Maxwell Garnett approximation here is that inclusions are not necessarily
spherical. An additional concern regarding the sequential application of Maxwell Garnett is that the
matrix may be weighted too heavily. However, in the end the matrix does not retain the dielectric constant
of the initial largest phase. Rather, the matrix acquires the cumulative character of the largest phase, plus
the next largest phase, and so for forth to include the next to the last phase. Less satisfactory would be to
apply the Maxwell Garnett approximation by defining the largest phase as the matrix, summing the
volumes of the remaining phases as the inclusion phase, and calculating a weighted average dielectric
constant for the inclusion phase. A case in point is particle CaMg 4N1 shown in Table 4. Here, the largest
phase, dolomite, is < 41% of the total volume. With dolomite as the matrix, the sum of volumes for the

remaining phases in this case would necessarily exceed the volume of the matrix.

11
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2NN

Table 1. Minimum and Maximum Values for Average Complex Refractive

Indices'
Particle | Iron-Containing | Minimum Refractive | Maximum Refractive
Phase Index Index
Real Imaginary | Real Imaginary
CaMg 1D Magnetite 1.504 1.53E-03 1.671 1.73E-03
Hematite 1.505 1.69E-04 1.673 1.73E-04
Ankerite 1.502 4.68E-06 1.670 4.73E-06
2N Magnetite 1.507 3.20E-03 1.652 3.57E-03
Hematite 1.509 3.51E-04 1.656 3.52E-04
Ankerite 1.503 8.33E-06 1.650 8.41E-06
3D Magnetite 1.505 2.37E-03 1.662 2.67E-03
Hematite 1.507 2.60E-04 1.665 2.63E-04
Ankerite 1.502 6.01E-06 1.660 6.07E-06
4N1 Magnetite 1.510 5.08E-03 1.653 5.67E-03
Hematite 1.513 5.47E-04 1.658 5.56E-04
Ankerite 1.503 1.18E-05 1.649 1.19E-05
Ca-rich 1D Magnetite 1.504 5.53E-03 1.642 6.15E-03
Hematite 1.507 5.94E-04 1.647 6.02E-04
Siderite 1.498 1.16E-05 1.640 1.16E-05
2N Magnetite 1.520 4.03E-03 1.569 4.20E-03
Hematite 1.522 4.42E-04 1.573 4.01E-04
Siderite 1.515 6.80E-06 1.567 6.76E-06
3D Magnetite 1.532 2.14E-02 1.660 2.36E-02
Hematite 1.544 2.32E-03 1.681 2.28E-03
Siderite 1.508 1.34E-05 1.648 1.34E-05
4N1 Magnetite 1.503 3.57E-03 1.632 3.94E-03
Hematite 1.505 3.96E-04 1.636 3.91E-04
Siderite 1.499 6.89E-06 1.630 6.85E-06
4N2 Magnetite 1.503 1.83E-03 1.640 2.03E-03
Hematite 1.505 2.01E-04 1.642 2.00E-04
Siderite 1.501 5.63E-06 1.640 5.59E-06
Ca-S 1D Hematite 1.523 1.62E-04 1.542 1.43E-04
2N Hematite 1.524 2.27E-04 1.542 2.00E-04
3D 0] 1.521 5.71E-06 1.536 5.715E-06
4N @] 1.521 2.33E-06 1.538 2.32E-06

! Determined by sequentially combining phases with the Maxwell Garnett

-~ 0 -~ .

325 2.4. Optical Property Modeling

326  Determinations of the single-scattering extinction efficiency and backscatter fraction are derived from
327  elements of the amplitude scattering matrix and the Mueller matrix [57]. Elements of the amplitude
328  scattering matrix (Si, S2, S3, and S4) are used to determine the amplitudes of the polarity-resolved electric

329 fields for scattered light from the incident electric fields.
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More versatile in determining scattering properties is the scattering matrix equation, which consists of the

4x4 Mueller matrix and four Stokes parameters I, Q, U, V:

I S11 S12 S1z Sua I

)1y, (S0 Se S sul(@ -
Us k?r2\ S31 S3p S33 Saa Ui | -

Vs Sa1 Siz Saz Sas/ \V;

Here, = 27T/ 1 where A is the wavelength of light, which was 0.589 um in this study, and r is the distance

of the scattered light to a hypothetical detector. The Mueller matrix elements are themselves combinations

of amplitude scattering matrix elements Si, S», S3, and Ss [57].

For the Stokes parameters, /s is the scattered irradiance and /; is the incident irradiance for incident
unpolarized light. Q; is the difference between scattered irradiances for the parallel and perpendicular
polarization states; Q; is the difference in incident irradiances for the two polarization states. Us is the
difference between scattered irradiances for light that is shifted +45 deg. and -45 deg. from the parallel
polarization state (hence, states still orthonormal as with parallel and perpendicular polarization). U; is the
difference between incident irradiances for light that is shifted as for U,. Vi is the difference between
scattered irradiances that are circularly-polarized toward left and circularly-polarized toward right. V; is

the difference between incident irradiances for light that is circularly polarized as for V..

The matrix element Si; is proportional to the ratio of scattered to incident irradiances and, thus, is

proportional to scattering intensity. The degree of linear polarization by the scatterer is —S,/S11. For
N . . . . . a(c . .
unpolarized incident light, the differential cross section of scattered light (%) is proportional to the

scattering intensity at a solid angle Q:

d(Csca) Is 2 1
—= = =2rt==85 . 4
T I k2 11 ( )

The phase function (p) is related to the differential scattering cross section, and therefore, Si; as follows:

— 1 d(Csca) — 511 (5)
Csca aq CSCakZ )

Csca 1s the total scattering cross section. It is not a simple integration of Eq. (4), but rather involves

elements of the amplitude scattering matrix [57]:

XZ
Csca = f4 udﬂ s (6)

T k2

X = (8§,c05P + S3sin®) €5 + (S4cosP + Sysind)e, s . (7

13
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Here, & is a unit vector parallel to the scattering plane, which is defined by the light source, particle, and
the detector. @ is the angle of the scattering plane in the coordinate system about the particle. € ; is the

vector orthogonal to the scattering plane.

The extinction cross section Cey is the sum of the absorption cross section, Cays, and Csca. The extinction
efficiency, Qex is the extinction cross section divided by the cross-sectional area of a volume-equivalent

sphere.

The backscatter fraction (BSF) is here determined as the fraction of light intensity scattered between 90°

and 180° rather than directly backward at 180°. The fraction is the ratio of integrals based on Eq. (4):

180
psp = bo Sud?/ DX LY / . ' ®
fO Slld'g ZO 511 AN

Omega is determined from Eqs. 56 to 58 in Draine and Flatau, 2013 [54]:

Vs .
Qi = m[cos(@r,-_l) —cos(Bj41)], j=2,.. Ng—1 , 9)
_ 2m _ cos(61)+cos(8,)
Dk =5t reesa] (10)

(11)

0 _om cos(9N9_1)+cos(9N6) 1
Ngk ™ Ngy(Ng) 2

Theta and phi are angles that define the direction of scattering in DDSCAT. Scattering is projected on to a
series of scattering planes. Ny is the number of scattering planes with angles ¢. Four scattering planes
were used at angles 0°, 90°, 180° and 270°. Ny is the number of scattering angles 6 within each plane.
Theta ranged from 0° to 180° in 5° steps for a total of 37 scattering angles within each plane. Extinction

efficiencies and backscatter fractions were calculated from an average of all scattering planes.
In DDA, the inter-dipole distance, d, is determined from the particle volume (vol) and the number of

1/3
dipoles (Ngp), whereby d = (UOI/Nd ) . The inter-dipole distance must be suitably minimal with
p

respect to the incident wavelength and complex refractive index of the material. The test criterion for d is
the product |m|kd, where |m| is the absolute values of the complex refractive index. To accurately calculate
the scattering phase function as well as the differential scattering cross section, |m|kd should be <0.5 [54].
Table 2 shows the number of dipoles, d, |m|, and |m|kd values for the Asian dust and background marine
air particles. Minimum and maximum values for each particle in the table account for the different forms

of iron in each particle (i.e., iron carbonate, hematite, magnetite) and the range of refractive indices due to

14
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381 the spatial orientation of the inclusion phases. Overall, |m|kd values ranged from 0.218 to 0.490 and, thus,

382  met the inter-dipole test criterion of <0.5.

383 Table 2. Number of Dipoles (Nap), Inter-dipole Distance (d), Absolute Complex Refractive Index (|m]),
384  and the |m|kd Test Criterion
385
Particle Number of Inter-dipole |m|* Im|kd* 3g¢
dipoles (Ng,) | distance (d, um)
CaMg 1D 167726 0.0271 | 1.502 1.673 | 0.433 0.483
2N 186775 0.0213 | 1.503 1.656 | 0.342 0.377
3D 144051 0.0149 | 1.502 1.665 | 0.240 0.28%
4N1 165470 0.0136 | 1.503 1.658 | 0.218 0.241
Ca-rich | 1D 176707 0.0142 | 1.498 1.647 | 0.227 0.289
2N 173266 0.0178 | 1.515 1.573 | 0.287 0.298
3D 159660 0.0273 | 1.508 1.681 | 0.440 0.390
4AN1 171313 0.0137 | 1.499 1.636 | 0.219 0.239
4AN2 232605 0.0150 | 1.501 1.642 | 0.240 0.3262
Ca-S 1D 157025 0.0214 | 1.523 1.542 | 0.347 0.352
2N 170584 0.0165 | 1.524 1.542 | 0.268 0.292
3D 170330 0.0178 | 1.521 1.536 | 0.289 0.292
4N 166444 0.0160 | 1.521 1.538 | 0.260 0.283 ! Range of values

394  covers the range of
395 refractive indices for particles with magnetite, hematite, ankerite (CaMg particles), or siderite (Ca-rich
396  particles).
397

398 3. RESULTS

399  SEM images and 3-D reconstructions of the particles in this study are shown in Fig. 2: (a) dolomite-
400  containing CaMg Asian dust particles 1D, 2N, 3D, and 4N1, (b) calcite-containing Ca-rich Asian dust
401  particles 1D, 2N, 3D, 4N1 and 4N2, and (c) gypsum-containing Ca-S background marine air particles 1D,
402 2N, 3D, and 4N. Particle diameters as size-equivalent spheres range from 0.927 um to 1.85 um (Table 3).
403  With incident light for this study at 0.589 pm (L), size parameters (2nrerr / A, Where rerr = radius of

404  volume-equivalent sphere) ranged from 4.9 to 9.9.
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’,r 4
“‘J

500 nm

images in Fig. 2, shapes and surface features of the
reconstructions closely match the particles. All the
Asian dust particles studied here contained iron;
however, the identity of the iron species was

inconclusive [45]. While iron oxides such as magnetite

The 3-D reconstructions in Fig. 2 appear to
have more surface roughness than the
corresponding secondary electron images.
Two effects are at play. First, the higher the
incident electron beam energy, the deeper
primary electrons will penetrate the particle,
resulting in the release of secondary electrons
from deeper depths. Surface interactions then
become more diluted and surface features in
the images are less visible. This is the case for
particles CaMg 1D and Ca-rich 1D with the
primary electron beam at 20 keV, for example.
The second effect is an artifact of the FIB
milling process. Milling of the particle
occurred in 15 nm to 20 nm steps, which
resulted in surfaces having a slight terrace-like

appearance in the 3-D reconstructions.

Table 3 shows the maximum lengths, 3-D
aspect ratios, and volumes of the particles
along with their diameters. From the top-down

views of the 3-D reconstructions and electron

Figure 2. Secondary electron images from SEM and 3-D
representations from FIB tomography of 13 particles
from the Asian dust and background marine air
samples. a) and b) CaMg and Ca-rich Asian dust
particles; c) Ca-S background marine air particles.

and hematite may absorb strongly in the visible and affect single scattering albedo, iron carbonates such

as ankerite absorb little in the visible [58]. To study how extinction and backscattering of the particles and

geometric shapes might vary with a minor iron oxide or carbonate phase, we calculated optical properties

for the particles and shapes with magnetite, hematite, or iron carbonate. For the iron carbonate in the

CaMg particles ankerite (CaFe(COs),) was used; for the Ca-rich particles siderite (Fe(CO3)) was used. In

contrast to the Asian dust, the Ca-S particles had little or no iron. When present, iron was included as

16



437

451
452

453

454

455

456

457
458

459

460
461

462

463

464

465

Confidential revised manuscript submitted to Journal of Quantitative Spectroscopy & Radiative Transfer

hematite. Tables 4 and 5 show the mineral components in the Asian dust and Ca-S particles, respectively,

4
Volume (umag

Particle Diameter! (um) | Maximum Length (um) | 3-D Aspect Ratio
CaMg |1D |1.85 4.19 2.28 3.32 439
2N | 1.51 2.26 1.68 1.81 440
3D |0.97 1.34 1.35 0.48 i
4N1 | 0.93 2.05 1.88 0.42 e
Ca-rich | 1D | 0.99 2.65 2.36 0.51 442
2N | 1.23 1.63 1.56 0.97 443
3D | 1.84 2.57 1.57 3.26
4AN1 | 0.94 1.12 1.45 0.44 444
AN2 | 1.14 1.68 1.50 0.78 445
Ca-S 1D | 1.43 1.68 2.05 1.54 446
2N | 1.13 1.65 1.75 0.76 447
3D |1.23 1.38 2.07 0.97 448
4N | 1.09 1.41 2.07 0.68 449
450

Aspect Ratio, and Volume

!For volume-equivalent sphere.

and
their
volu
me
perce

nt.

Table
Partic
Dime

nsion
s, 3-D
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Table 4. Volume Percent of Mineral Phases in Asian Dust Particles

CaMg | Mineral Phase Volume (%) Ca-rich | Mineral Phase Volume (%)
Magnetite | Hematite | Ankerite Magnetite | Hematite | Siderite

1D Dolomite 80.5 80.5 78.9 1D Calcite 74.4 74.4 74.9
Magnesite 11.2 11.3 11.8 Albite/anorthite/orthoclase | 13.8 13.8 13.9
Montmorillonite 6.49 6.49 6.47 Ammonium sulfate 7.32 7.32 5.63
Ammonium sulfate | 1.44 1.44 1.43 Magnesite 3.40 3.40 342
Iron phase 0.30 0.31 1.41 Iron phase 1.11 1.13 2.19
2N Dolomite 64.7 64.7 61.5 2N Gypsum 65.4 65.4 64.9
Montmorillonite 16.2 16.2 16.1 Calcite 23.1 23.1 22.9
Magnesite 12.6 12.6 13.7 Albite/anorthite/orthoclase | 9.10 9.11 9.04
Ammonium sulfate | 5.80 5.81 5.77 Magnesite 1.55 1.55 1.54
Iron phase 0.64 0.65 2.96 Iron phase 0.80 0.81 1.55
3D Dolomite 77.1 77.1 74.7 3D Calcite 67.0 67.0 64.4
Montmorillonite 10.0 10.0 9.95 Albite/anorthite/orthoclase | 16.3 16.3 15.7
Magnesite 8.13 8.12 8.96 Iron phase 4.26 4.33 8.03
Ammonium sulfate | 4.24 4.25 422 Gypsum 7.83 7.84 7.53
Iron phase 0.47 0.48 2.20 Magnesite 3.98 4.15 3.98
Rhodochrosite 0.38 0.40 0.38
4AN1 Dolomite 40.9 40.9 36.9 4AN1 Calcite 71.3 71.3 70.8
Magnesite 20.0 20.1 214 Gypsum 19.7 19.7 19.6
Montmorillonite 19.9 19.9 19.7 Quartz/anorthite 6.32 6.32 6.27
Gypsum 18.3 18.3 18.2 Magnesite 1.94 1.94 1.92
Iron phase 0.83 0.84 3.83 Iron phase 0.73 0.74 1.41
4AN?2 Calcite 60.3 60.3 60.1
Magnesite 15.8 15.8 15.8
Quartz/feldspar 11.5 11.5 11.4
Ammonium sulfate 121 12.1 12.0
Iron phase 0.36 0.37 0.71

466
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Table 5. Volume Percent of Mineral
Phases in Ca-S Background Marine Air

Particles
Mineral Phase Volume (%)
1D | Gypsum 91.5
Calcite 4.13
Quartz 1.65
Albite 0.89
Magnesite 1.49
Hematite 0.30
2N | Gypsum 90.8
Calcite 4.56
Albite 3.45
Magnesite 0.78
Hematite 0.42
3D | Gypsum 85.7
Calcite 1.32
Albite (K-feldspar) | 11.0
Magnesite 1.96
Hematite 0
4N | Gypsum 90.5
Calcite 3.33
Quartz 4.39
Anorthite 0.49
Magnesite 1.30
Hematite 0

3.1. Scattering Intensity

As an indicator of scattering intensity, Si1 versus scattering angle is analogous to the phase function.
Figure 3 shows the angular scattering intensity for the 13 particles with hematite as the iron phase.
Intensity is the highest in the forward-scattering hemisphere, 0° to 90°, as expected. In addition, Fig. 3
shows how scattering varies for each particle over the range of refractive indices by implementing upper
and lower refractive index limits to account for composition heterogeneity. The result is a series of
ribbon-like plots where the ribbons get wider at scattering angles (0) >90°. Scattering intensity only
appears to be more variable for backward-scattered light (>90°) in Fig. 3 because the y-axis is

logarithmic.
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There is, however, a difference in scattering
variability between the Asian dust (Figs. 3a and b)
and background marine air particles (Fig. 3c). The
Ca-S plot is less “ribbon-like” because there is less
variation in the upper and lower limits to the
refractive indices (Table 1). The difference
between the Asian dust and background marine air
particles here may be due to heterogeneity. Among
the Ca-S particles in Table 5, gypsum has a much
larger volume on average (89.6%) than either
dolomite (65.8%) in the CaMg particles or calcite
(59.2%) in the Ca-rich particles (Table 4). Thus,
the Ca-S particles are more homogeneous than the
Asian dust particles, and variation in the spatial
orientation of the minor mineral phases in the Ca-S
particles has less of an effect on the scattering

intensity.

We now look at how scattering intensity compares

between the particles and geometric shapes. As a

" measure of how close the scattering intensity for

the shapes matches the particles, we employ the
root-mean-square deviation (RMSD) in Si; for the
shape and particle between scattering angles 30°

and 180°, as shown in Fig. 4:

1/
180° 2\ /2
230" (51 1model_511particle) >
i .

511 RMSD = (
(12)

Here, n=31, the number of angles from 30° to 180°

in 5° steps. The extent of the bars in Fig. 4 is due to the application of upper and lower refractive index

limits. The horizontal line within each bar is the
midpoint. RMSD is determined between scattering

angles 30° and 180° rather than 0° and 180°

Figure 3. S;1 from scattering matrix versus
scattering angle for Asian dust (a and b) containing
hematite as the iron phase and background marine
air particles (c). Ca-S particles 1D and 2N also
contained iron as hematite.
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511  because typically (S 11,0de1 — S 11pam~cle)2 is excessively large from 0° to 30° and the extent of the bars

512  in Fig. 4 can vary by several fold.

35 mmm sphere () 013 | The large variability in S1y RMSD values for
=3 Spheroid (2)
30 I H I am cobe s 514 | individual shapes in Fig. 4 is due to the enhanced
= I Square Prism (5)
5 o5 B Fepienouar f8I88) | effect of disparate upper and lower refractive
© I Triangular Pyramid . L. X .
E’ 20 ] I I - — ﬁ\;gﬁghfﬁigyg‘%@ index limits. The square prism for the Ca-rich 3D
) H PepectRelo B P | and the sphere for the Ca-rich 4N2 particle
= 15
B i B IH = 518 | exhibit the largest RMSD variability. In both
= 10 1
L2 H | I 519 | cases, the greatest Si; disparity in shape versus
% a) Eopg-Eg o | gﬁﬁ particle occurred with the upper refractive index
1D CaMg 2N CaMg 3DCaMg 4N1cCamgl  limit (Table 1). The disparity was largest at
60
20 1b) = 522/|,' scattering angles >160° and >170°, thus,
523 | primarily affecting backscattering as shown for
c
4% 30 | I 524 | the Ca-rich 3D square prism and Ca-rich 4N2
g’ : 525 | sphere, respectively, in Figs. S1 and S2 of
€ 20 I 526 | Supporting Information.
- B
» 10 I . = : 527 | We might expect higher-order geometric shapes
B | <" Pam 8 . . .
Bl u _528| (e.g., 3-axis rectangular prism versus 2-axis
= - -cpge"m8| =" B8
O D Carin 2N Carich 3D Catich 4NTCarch anzC3agh  square prism and 2-axis square prism versus
20 - 0 530 | cube) to exhibit a lower RMSD because they
& I 7 531 | should approximate the shape of the actual
C 16
-% “ I 5 B 532 | particles more closely than lower-order shapes.
s 1 - 5 . . .
g 12 | = g | , =&33| Thisis best exemplified by the particle CaMg 1D
= =] 3
2 10 EB ke 5 I |® 3 534| shapes in Fig. 4a. Here, the RMSD midpoints are
= 4
= 2 8y ® 535 unequivocally lower for the ellipsoid versus
v 6 3 =)
4] C) = ; 536 | spheroid and spheroid versus sphere; for the
2 2 537 | rectangular prism versus square prism and square

B &aa S a0 Ea9 4N Cag3g prism versus cube; and for the triangular pyramid

539  versus tetrahedron. Among the ellipsoid group

540  shapes, RMSD for spheroids is lower than for spheres ~ Figure 4. Root-mean-square (RMS) deviation in Si
for geometric shapes from the respective particles

541  for 12 of the 13 particles; RMSD for ellipsoids is & P P P

containing hematite. a) and b) Asian dust particles;
542  lower than for spheres in all cases. c) background marine air particles.
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Figure 5. Degree of linear polarization, -Si2/Si,
versus scattering angle for Asian dust (a and b)
containing hematite as the iron phase and
background marine air particles (c). Ca-S particles
1D and 2N also contained iron as hematite.

Nevertheless, we cannot necessarily expect the
scattering intensity of a 3-axis shape to be closer to
the particle than a 2-axis shape. RMSD for
ellipsoids is lower than spheroids in only 8 of 13
particles. For the cuboid group, RMSD for
rectangular prisms is lower than cubes in 12 of 13
particles. However, RMSD for rectangular prisms
is lower than square prisms in only 7 of 13
particles. RMSD for square prisms is lower than
cubes in 9 of 13 particles. Thus, scattering intensity
by higher-order shapes is not always closer to the
actual particles than scattering intensity by lower-
order shapes. In a comparison with feldspar
particles [27], the phase function of elongated
spheroids was found to be a better match than less-
elongated spheroids suggesting in this case that

elongated spheroids performed better than would

ellipsoids with less disparate dimensions.

3.2. Degree of Linear Polarization

Figure S shows the degree of linear polarization for
the 13 particles with hematite as the iron phase.
The ribbon plots show the extent that linear
polarization for each particle varies over the range
of refractive indices wused to account for
composition heterogeneity. For several of the Asian
dust particles, e.g., CaMg 3D and CaMg 4N1, Ca-
rich 1D, and Ca-rich 4N1, greater variability in
linear  polarization due to  composition
heterogeneity occurs at scattering angles of around

80° and higher.

As observed for S (Fig. 3), Fig. 5 shows much

greater variability in the linear polarization of each
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Asian dust particle due to composition heterogeneity compared to the background marine air particles. As

noted previously, Ca-S particles are more homogeneous than the Asian dust particles. It appears that

variation in the spatial orientation of the minor mineral phases in the Ca-S particles has less of an effect
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on the degree of linear polarization than on the

more heterogeneous Asian dust particles.

As with scattering intensity, we compared the
degree of linear polarization between the particles
and shapes. Analogous to Eq. (12), we calculated
the root-mean-square deviation (RMSD) in -S12/S11
for the shape and particle between scattering angles

30° and 180°, as shown in Fig. 6:
—812/511 RMSD =

1
°(, S12 512 2y / 2
(Z;gg ((_m)model_(_m)particle) > ) (13)

n

RMSD is calculated here between scattering angles
30° and 180° to maintain comparability in RMSD

values for the scattering intensity.

As Fig. 6 shows, -S12/S11 RMSD for spheres is
much larger in all cases than for other shapes. The
contrast in RMSD between the sphere and other
shapes for the degree of linear polarization is much
larger than the RMSD contrast between the sphere
and other shapes for the scattering intensity (Fig.

4).

Among shapes other than the sphere, the RMSD

midpoint (horizontal line in each bar) is lower for

ellipsoids than for spheroids in 9 of 13 particles, comparable to the number of ellipsoids with lower

RMSD midpoints than spheroids for S11 (Fig. 4). For the cuboid group, -S12/S11 RMSD midpoints for

rectangular prisms are lower than for cubes in 8

of 13 particles.

However,

midpoints

for

rectangular prisms are lower than for square

Figure 6. Root-mean-square (RMS) deviation in
-S12/S11 for geometric shapes from the respective
particles containing hematite. a) and b) Asian dust
particles; c) background marine air particles.

23



605
606
607
608
609

610

611
612
613
614
615
616
617
618
619

620
621
622
623
624
625

626
627
628
629
630
631
632

633
634
635
636

Confidential revised manuscript submitted to Journal of Quantitative Spectroscopy & Radiative Transfer

prisms in only 4 of 13 particles. Thus, consistent with scattering intensity, the degree of linear
polarization by higher-order shapes was not always closer to the actual particles than linear polarization
by lower-order shapes. Notably however, -Si2/S11 RMSD midpoints for the tetrahedra and triangular
pyramids in Fig. 6 are lower than for the spheroids, ellipsoids, cubes, and square prisms in 9 of 13

particles.

3.3. Extinction Efficiency

In Fig. 7 we show how the geometric shapes compare with the Ca-rich particles with different forms of
the minor iron phase: magnetite (black), hematite (red), or siderite (green). Similar comparisons are
shown for the CaMg and Ca-S particles in Figs. S3 and S4 in Supporting Information. The bars indicate
the range of extinction efficiencies for the geometric shapes from applying the upper and lower refractive
index limits. The colored shaded areas in each plot (black, red, and green corresponding to magnetite,
hematite, and siderite) indicate the range in extinction efficiencies for the particles. Overlap of the shaded
areas show how extinction efficiencies for a particle with different iron phases compare. We observe how
well the geometric shapes match the particles in each case from how closely the bars overlap the shaded

areas.

As the shaded areas in Fig. 7 show, the range of extinction efficiencies among the particles due to
variation in the spatial arrangement of the phases can be quite different. For example, extinction for
particle Ca-rich 2N with hematite varies by 7% (Fig. 7b), but by 23% for particle 4N2 (Fig. 7e).
Similarly, the range of extinction efficiencies among the shapes associated with a particle can be quite
different. In Fig. 7e, extinction for the triangular pyramid-high with hematite varies by 2%, but by 31%

for the rectangular prism.

In addition, there is extensive overlap of the shaded areas in Fig. 7 for each particle in general. This
indicates that the type of the iron phase in the Asian dust particles has little effect on extinction. Similarly,
the extinction efficiencies of the geometric shapes associated with each particle vary little with the type of
iron phase. An exception, however, is particle Ca-rich 3D in Fig. 7c. The iron content of Ca-rich 3D is 3.6
to 14 times higher than the iron content of the other Asian dust particles. The siderite volume for Ca-rich
3D is 8.03% (Table 4) while the average iron carbonate volume for the other Asian dust particles (Ca-rich

and CaMg) is (2.04 £ 0.99)% (x + s).

Another observation from Fig. 7 is that higher-order geometric shapes appear to more closely
approximate extinction for particles with a large aspect ratio. Others have shown that distributions of
spheroids with large aspect ratios, particularly prolate spheroids, tend to better match the measured phase

function of particle ensembles [27]. Ca-rich 1D in Fig. 2b has an aspect ratio 2.36 (Table 3). Long and
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conical, the particle resembles a prolate spheroid. As shown in Fig. 7a, shapes with two or three axes
(spheroid, ellipsoid, square prism, rectangular prism, and triangular pyramid) come much closer to the
extinction efficiency of the particle than the single-axis shapes. However, we cannot assume that higher-
order shapes better approximate particles with large aspect ratios. Particle CaMg 1D in Fig. 2a, for
example, also has a large aspect ratio (2.28). Fig. Sla in Supporting Information shows that while the
spheroid and ellipsoid are closer than the sphere to the CaMg 1D particle, the cube is actually closer than

the rectangular prism to the particle.
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Also for particle CaMg 1D in Fig. Sla, the
extinction efficiency for the cube is closer to

the particle than either the spheroid or

Figure 7. Range of extinction efficiencies for geometric
shapes and Ca-rich particles with the iron phase as
light-absorbing magnetite (black) or hematite (red), or
non-absorbing siderite (green). Shaded areas show

ranges for the particle with the different iron phases.

ellipsoid. In contrast, the spheroid and
ellipsoid are far closer than the cube to the
of Ca-rich 1D.

extinction efficiency

Sphericity here may be a factor. There is

Triangular pyramid low and triangular pyramid high
have aspect ratios that bracket the aspect ratio of the
particle (see Table 3). For particle 1D, the triangular
pyramid aspect ratio (low) was close to the aspect ratio

only a 4% difference in the aspect ratios between CaMg 1D (2.28) and Ca-rich 1D (2.36). However, Ca-
rich 1D has a sphericity of 0.59 while CaMg 1D has a sphericity of 0.50, a difference of 17%. Thus,

CaMg 1D is less spherical than Ca-rich 1D, and this may explain why the cube more closely

approximates extinction for CaMg 1D than the spheroid and ellipsoid.
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triangular pyramid aspect ratio (low) was close to
the aspect ratio for the particles, therefore, the
triangular pyramid aspect ratio (high) was not
considered.

A better understanding of the geometric shapes
and respective particles can be drawn from the
midpoints of the extinction efficiency ranges,
which are shown in Fig. 8. Circles are the
midpoints for the geometric shapes and horizontal
lines are the midpoints for the particles. The iron
phase here is hematite. Close inspection of the
midpoint plots reveals that the geometric shapes
overall tend to underestimate the particles’
extinction efficiency. For the CaMg particles, 26
of 34 shapes underestimated particle extinction (6
of 9 shapes for particle 1D, 6 of 8 shapes for 2N, 5
of 8 shapes for 3D, and 9 of 9 shapes for 4N1).
Thus, 76% of the geometric shapes underestimated
extinction for the CaMg particles. For the Ca-rich
particles, 28 of 44 shapes underestimated particle
extinction (5 of 8 shapes for particle 1D, 7 of 9 for
2N, 6 of 9 for 3D, 5 of 9 for 4N1, and 5 of 9 for
4N2). Thus, 64% of the geometric shapes for the

Ca-rich particles underestimated extinction. In

contrast to the Asian dust particles, all geometric
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shapes underestimated extinction for the Ca-S particles.

The extent that Asian dust extinction is underestimated is not the same, however, among the shape
groups. For the CaMg particles, extinction was underestimated by all ellipsoid group shapes, 92% of the
cuboid shapes, but only 30% of the pyramid shapes. For the Ca-rich particles, extinction was
underestimated by 93% of the ellipsoid group shapes, 67% of the cuboid shapes, and 29% of the pyramid
shapes. Thus, the ellipsoid and cuboid groups tended to underestimate extinction for the Asian dust
particles while the pyramid shapes tended to overestimate extinction. Shapes in all three groups

underestimated extinction for the background marine air particles.

Another observation from Fig. 8 is that the pyramid shapes generally exhibit less variation in the
extinction efficiency, particularly the tetrahedron, compared to variation among the other shapes. For
example, the ratio of the Q. midpoint range for the tetrahedra to the range for the CaMg particles in Fig.
8a is 0.16. The ratio of Q.x midpoint ranges for the spheroids and CaMg particles is 1.5. Likewise, the
ratio of midpoint ranges for the tetrahedra and Ca-rich particle in Fig. 8b is 0.28 while the ratio of
midpoint ranges for the spheroids and Ca-rich particles is 1.4. The tetrahedra versus spheroids in Fig. 8¢
for the Ca-S particles exhibit a similar contrast. Thus, Qex variation for the tetrahedra is much smaller

than the variation for particles while the variation for the spheroids is closer to that for the particles.

To quantify how well the geometric shapes performed in approximating the extinction efficiency, we
applied a delta function that is the normalized difference in the midpoints Qext miapt shape and

Qext midpt_particle Of the extinction efficiencies for shape and particle:

Q_ext A_midpt = abs[(Qext_midpt_shape - Qext_midpt_particle)/Qext_midpt_particle] . (14)
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Figure 9 shows the overall performance for extinction efficiency as the average of the delta midpoint
values. Error bars are standard deviations. As mentioned above, the type of iron phase in the Asian dust
particles had a negligible effect overall on how well the shapes approximated the extinction efficiency.
For CaMg and Ca-rich particles, the delta midpoint average is smallest for the tetrahedron and triangular
pyramid shapes, and thus, these shapes more closely approximated extinction for the Asian dust. For the
Ca-S particles, delta midpoint average is the smallest for the square prism; however, the triangular
pyramid also performed well as did the spheroid. The sphere performed the worst for approximating

extinction in all three cases.
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backscatter fraction for the Ca-rich particles and the geometric shapes is shown in Fig 10. Similar
comparisons for the CaMg and Ca-S geometric shapes and particles are shown in Figs. S5 and S6 in
Supporting Information. As in Fig. 7, the bars indicate the range of the backscatter fractions for the
geometric shapes and the shaded areas indicate the range for the particles. As we observed with
extinction, the higher-order shapes in Fig. 10a more closely approximate the backscatter fraction for

particle Ca-rich 1D with its large aspect ratio and nearly spheroidal shape.

Figure 10. Range of backscatter fractions for
geometric shapes and Ca-rich particles with the iron
phase as light-absorbing magnetite (black) or hematite
(red), or non-absorbing siderite (green). Shaded areas
phases in the geometric shapes have a show ranges for the particle with different iron
phases. Triangular pyramid low and triangular pyramid
high have aspect ratios that bracket the aspect ratio of
the particle (see Table 3). For particle 1D, the
particle 3D (Fig. 10¢), which has the highest triangular pyramid aspect ratio (low) was close to the
aspect ratio for the particles.

Comparing Figs. 10 and 7, the different iron

greater effect on the backscatter fraction than

on extinction. The effect is obvious for

iron content as mentioned previously. The
colored shaded areas in Fig. 10c show that the backscatter fraction for the particle is substantially smaller

with magnetite (gray area with midpoint 0.084) than with either hematite (red area with midpoint 0.155)
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or siderite (green area with midpoint 0.157). In this case, the backscatter fraction for the particle is largely
affected by the magnitude of the imaginary part of the complex refractive index for the particle. The
particle’s imaginary part with magnetite is 0.023 (Table 1), a factor of 10 larger than with hematite
(0.00228). The real part of the complex refractive index shown in Table 1 likely contributes little to
variation in the backscatter fraction for particle Ca-rich 3D because the variation in the real refractive

index for the particle with different iron phases is minimal.

The midpoints of the backscatter fraction ranges, shown in Fig. 11, provide further insight into the
backscatter fractions for the geometric shapes and particles. Close inspection of Fig. 11 reveals that in
contrast to extinction, the shapes tend to overestimate the backscatter fraction of the particles. This is
clearly the case for the Ca-S background marine air particles (Fig. 11c). Here, all shapes overestimated

the backscatter fraction.

For the Asian dust CaMg particles, 27 of 34 shapes (79%) overestimated the backscatter fraction (7 of 9
shapes for particle 1D, 7 of 8 shapes for 2N, 6 of 8 shapes for 3D, and 7 of 9 shapes for 4N1). For the Ca-
rich particles, 26 of 44 shapes (59%) overestimated the backscatter fraction (6 of 8 shapes for particle 1D,
6 of 9 shapes for 2N, 4 of 9 for 3D, 5 of 9 for 4N1, and 5 of 9 for 4N2).

Among the shape groups, the backscatter fraction for the CaMg particles was overestimated by 75% of
the ellipsoid group shapes, 83% of the cuboid shapes, and 80% of the pyramid shapes. For the Ca-rich
particles, the backscatter fraction was overestimated by 80% of ellipsoid group shapes, 67% of cuboid
shapes, but only 36% of pyramid shapes. Overall, shapes in the ellipsoid and cuboid groups tended to
overestimate the Asian dust backscatter fraction to a greater extent than did the pyramid shapes. The
pyramid shapes tended to underestimate or closely approximated the backscatter fraction for the Ca-rich

particles.

To quantify how well the geometric shapes performed at approximating the backscatter fraction, we used

a delta function analogous to Eq. (14):

BSF A_midpt = abs[(BSFmidpt_shape - BSFmidpt_particle)/BSFmidpt_particle] . (15)
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3.5. Surface Roughness

The particles in Fig. 2 have surface features that are often described as surface roughness. As explained
previously, electron penetration during SEM imaging and ion-beam milling of the particle can affect
apparent surface smoothing. The true roughness is important because increased surface roughness results
in increased particle surface area which generally results in increased scattering. For particles with very
large size parameters, most of the total scattering may come from surface roughness [59]. Increased
surface roughness was shown to only slightly affect single scattering albedo [39], suggesting that surface
roughness increases absorption as well as scattering, and thus, extinction is increased comparably with
surface roughness. An important question in this work is how much of extinction efficiency and the

backscatter fraction is due to surface roughness.

The use of Avizo to create the 3-D spatial representations of particles allowed us to remove surface
roughness without significantly changing the particle volume. The procedure is based on a generalized
marching cubes algorithm for creating a smooth surface [60]. In the algorithm, surface voxels in the 3-D
representation are treated as cubes. An isosurface is created that lies above or below the vertices of the
cube. The extent to which the cube vertices influence the isosurface depends on weights or probabilities
that are calculated separately from the marching cubes algorithm [61]. The weights are translated in

Avizo to smoothing levels from 1 to 9.

Table 6 shows how smoothing at the highest level (9) changed the number of dipoles, volume, and inter-
dipole distance for each particle. For all particles except Ca-S 2N, smoothing decreased the number of
dipoles by < 5%. The change in volume, however, was negligible, < 1% among all particles. Rather than
change volume, the marching cubes algorithm adjusted the inter-dipole distance, increasing it slightly for
all particles except Ca-S 2N. In DDSCAT, coordinates of the voxels from the 3-D spatial models of the
smoothed particles accounted for the change in the inter-dipole distance. Since the change in particle
volume with smoothing was negligible, particle diameters as volume-equivalent spheres (Table 3) were

left unchanged.
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Table 6. Change in Particle Dipole Number, Volume, and Inter-dipole Distance with Maximum
Smoothing

Particle Number of dipoles (Ngp) Volume (um3) Inter-dipole distance (d, um)
Change from Change from Change from
native particle (%) native particle (%) native particle (%)

CaMg 1D 164460 -1.95| 3.329 +0.001| 0.02723 +0.66
2N 182930 -2.06| 1.812 -0.006| 0.02148 +0.69
3D 139837 -2.93| 0.4812 +0.007| 0.01510 +1.00
4N1 | 158721 -4.08| 0.4169 +0.018| 0.01380 +1.40

Ca-rich | 1D 168619 -4.58| 0.5096 -0.001| 0.01446 +1.57
2N 170174 -1.78| 0.9692 +0.002| 0.01786 +0.60
3D 154464 -3.25( 3.264 -0.002 | 0.02765 +1.11
AN1 | 164264 -4.11| 0.4416 +0.013| 0.01390 +1.41
4AN2 | 226767 -2.51| 0.7815 +0.011| 0.01510 +0.85

Ca-S 1D 150539 -4.13| 1.536 +0.002| 0.02169 +1.42
2N 173558 +2.94| 0.7619 -0.007| 0.01637 -0.58
3D 163259 -4.15| 0.9654 +0.004| 0.01808 +1.42
AN 161819 -2.78| 0.6821 -0.001| 0.01615 +0.94

Figure 13 shows a selection of particles and the visual effect of smoothing at levels 3, 6, and 9. In
general, particle shape did not change after smoothing. Smoothing revealed that, overall, surface
roughness contributed a minor amount to the extinction efficiency as observed in Fig. 15. Based on the
highest smoothing level (9), surface roughness accounted for (3.2 £ 2.9) % (x % s) of total extinction for
the CaMg and Ca-rich Asian dust particles and 9.61 + 3.2 % of total extinction for the Ca-S background
marine air particles. Among the CaMg particles, surface roughness of particle 3D contributed the least to
total extinction (1%) while surface roughness of particle 4N1 contributed the most (5%). For the Ca-rich
particles, surface roughness of particle 1D contributed the least to extinction (1%); particle 2N
contributed the most (10%). Surface roughness of particle Ca-S 1D contributed the least to extinction

(6%) among the Ca-S particles; particle 4N contributed the most (13%).

While surface roughness increased particle extinction in this study as expected, surface roughness
invariably decreased the backscatter fraction as observed in Fig. 16. Others have shown that surface
roughness causes an enhancement of the phase function at angles >90 ° [59] which suggests an increase in
the backscatter fraction. In this study, surface roughness decreased the backscatter fraction to a greater
extent for the Ca-S particles, by (16.4 + 6.7) % (X + s), than for the Asian dust particles ((5.2 £ 5.0) %
(x £ s5)). To contrast the effect among the CaMg particles, surface roughness decreased the backscatter
fraction by 1.5% for particle 1D but by 11.6% for particle 4N1. Among the Ca-rich particles, the surface
roughness decreased the backscatter fraction by < 1% for particle 3D but by 15.3% for particle 2N. With
the Ca-S particles, the backscatter fraction for particle 1D decreased by 6.7% but by 21% for particle 3D.
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Native
Particle

Smoothing
Level 3
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CaMg 3D

CaMg 4N1

Ca-rich 1D

Ca-rich 2N

Ca-rich 3D

Ca-S 1D

Ca-S 4N

Figure 13. Effect of smoothing selected particles to remove surface roughness. Smoothing levels are
weights to adjust the generalized marching cubes algorithm [49, 50] used by Avizo to smooth a surface.
Level 9 is maximum smoothing.

4. DISCUSSION

It is intuitive that simple geometric particle shapes with three optimal-length axes should approximate the
shape of real individual atmospheric particles better than shapes with two axes. As mentioned in section
3.1 (Fig. 4), ellipsoids were better than spheroids at approximating scattering intensity in most cases (8 of
13) and rectangular prisms were better than square prisms in most cases (7 of 13 cases). Ellipsoids were
also often better than spheroids at approximating the degree of linear polarization (9 of 13 cases, Fig. 6).
However, Fig 6 also shows that rectangular prisms were often no better than square prisms at

approximating the degree of linear polarization.
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If we compare extinction efficiencies in Fig. 8 with scattering intensity RMSD in Fig. 4, there are
differences in how the higher-order geometric shapes performed versus lower-order shapes for individual
particles. From the midpoints in the figures, the ellipsoids that are better than spheroids at approximating
scattering intensity are not necessarily better than spheroids at approximating extinction. Examples are
CaMg 1D, CaMg 4N1, Ca-rich 1D, Ca-rich 3D, and Ca-S 1D. For all these particles, the RMSD in Fig. 4
for the ellipsoid is lower than the RMSD for the spheroid as well as the sphere. However, Fig. 8 shows
that the extinction efficiency for the ellipsoid in these cases is not closer to the particles than the spheroid.
In the case of CaMg 2N, RMSD in Fig. 4 is much lower for the ellipsoid than the sphere, but the
extinction efficiencies for the ellipsoid and sphere in Fig. 8 are about the same. We note that the
scattering intensity in Fig. 4 is from the 30° angle rather than 0° whereas the extinction efficiency
involves all scattering angles. Nevertheless, this discrepancy does not account for the differences in
scattering intensity versus extinction with respect to the ellipsoid and spheroid shapes. The more likely

reason is that extinction includes the effect of absorption, which in this case is from the hematite phase.
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scattering due to more surface area than

either the cuboid or ellipsoid group. Figure 14 also shows that higher-order shapes within a shape group

offer little additional surface area over lower-order shapes. Aspect ratio is a factor. Larger aspect ratios

result in more surface area. Also, 3-axis shapes also have slightly less surface area than volume-

equivalent 2-axis shapes. For example, while a spheroid has more surface area than a sphere, an ellipsoid

has less surface area than a spheroid because the additional dimension makes an ellipsoid more spherical.

As mentioned previously, simulated phase matrices for elongated prolate spheroids have been shown to
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be closer to the phase matrix for measured particles than less-elongated or more sphere-like spheroids [27,

43].

Figure 15 shows how the extinction efficiency for the geometric shapes compares with the particles as
the particles are smoothed to remove surface roughness. The gradation in the extinction efficiency due to
smoothing is shown by the series of horizontal lines in each plot. The black line indicates the extinction
efficiency without smoothing (native particle). The two CaMg particles 3D and 4N1 (Fig. 15a and b)
show the effect of contrasting contributions to extinction from surface roughness. In Fig. 15a, variation in
the extinction efficiency among the ellipsoid group and cuboid shapes for particle 3D, as indicated by the
shaded areas, is far larger than the decrease in extinction due to smoothing of the particle. With surface
roughness contributing only 1% to extinction for particle 3D, shape matters for the most part not surface
roughness. For particle 4N1 (Fig. 15b), which has 5% of its extinction from surface roughness, smoothing
decreases the particle extinction efficiency sufficiently so that we see which shapes might account for
surface roughness. While the shaded areas show that variation in extinction within each shape group is
rather large, the square and rectangular prisms come closest to the native particle. Nevertheless, it is
unlikely that geometric shape accounts for surface roughness here because the cube’s extinction
efficiency is far from the native particle. As Fig. 14 shows, the square and rectangular prisms have only
slightly more surface area than the cube. If surface area were a factor with particle CaMg 4N1, then the

cube should also be close to the particle.

The two Ca-S particles 1D and 4N in Fig. 15e and f also show the effect of contrasting contributions to
the extinction efficiency from surface roughness. Particle 1D has 7% of its extinction from surface
roughness while particle 4N has 20%. Here also the square prism (and spheroid in particle 4N) comes
closest to approximating the particles’ extinction. However, as with the CaMg particles, surface
roughness is unlikely a factor for particle 4N because the spheroid as well as square prism have only
slightly more surface area than the sphere and cube, respectively (Fig. 14). If surface roughness was a

factor, we would expect the sphere and cube to also approximate the particle’s extinction.
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Figure 15. Midpoints of the extinction efficiency for geometric shapes (circles) and after smoothing of
selected particles at levels 3, 6 and 9 (horizontal lines). a) to d) Asian dust; e) and f) background marine
air particles. Shaded areas show the extent of variation within each shape group. For comparison, y-axes
have the same range between the two examples for the CaMg, Ca-rich, and Ca-S particles.

The Ca-rich particles 2N and 3D in Fig. 15¢ and d present a different situation. In Fig. 15¢, smoothing
decreases extinction substantially (10%) and only the tetrahedron and triangular pyramid approximate the
particle’s extinction efficiency. In this case, the additional surface area of the pyramid shapes allows these
shapes to account for the particle’s surface roughness. Surface roughness may also be a factor in
approximating the extinction efficiency of particle 3D (Fig. 15d) even though surface roughness only
accounts for 3% of the extinction. The shaded areas show much less variation in extinction within each
shape group compared to that for the Ca-rich 2N case (Fig. 15¢). As mentioned previously, particle 3D
absorbed substantially more at 589 nm than other particles in this study. It has been suggested that surface
roughness becomes a more important factor for particles with higher absorptivities [34]. It appears in Fig.
15d that the additional surface area of the pyramid shapes caused them to slightly overestimate the

extinction efficiency.

In Fig. 16, we look at how the backscatter fraction of the geometric shapes compare with the particles
after removing surface roughness. As with extinction, the gradation in the backscatter fraction due to
smoothing is shown by the series of horizontal lines in each plot of Fig. 16. The black lines indicate the
backscatter fraction without smoothing. For particles CaMg 3D, Ca-rich 3D, and Ca-S 1D in Figs. 16a, d,

and e, surface roughness has minimal effect on the backscatter fraction compared to the extent of
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variation within each shape group. Thus, for these particles geometric shapes do not effectively account

for surface roughness.
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Figure 16. Midpoints of the backscatter fraction for geometric shapes (circles) and after smoothing of
selected particles at levels 3, 6 and 9 (horizontal lines). a) to d) Asian dust; e) and f) background marine
air particles. Shaded areas show the extent of variation within each shape group. For comparison, y-axes
have the same range between the two examples for the CaMg, Ca-rich, and Ca-S particles.

Figures 16b and f show that for particles CaMg 4N1 and Ca-S 4N surface roughness is also not likely a
factor in how well the shapes approximate the backscatter fraction. The reason is that while the spheroid
and square prism come closest to the particle’s backscatter fraction, the sphere and cube are far from it.
As with extinction, if surface roughness was a factor, we would expect the sphere and cube to also
approximate the particles’ backscatter fraction due to the similarity in their surface area with the spheroid

and square prism, respectively.

As with extinction, particle Ca-rich 2N in Fig. 16¢ presents a different situation. In this case, surface
roughness is likely a factor that allows the pyramid shapes with their additional surface area to
approximate the backscatter fraction of particle Ca-rich 2N. It appears that the pyramid shapes

approximate both the extinction and backscatter fraction of Ca-rich 2N because these shapes accounted

for surface roughness.

5. CONCLUSION

In this work, we compared the scattering intensity, degree of linear polarization, extinction efficiency, and

backscatter fraction of single atmospheric dust particles collected at Mauna Loa Observatory with a series
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of simple geometric shapes grouped as ellipsoids, cuboids, and pyramids. Within each group, shapes with
1, 2, and 3 differing axes represented a progression such that the 1-axis and 2-axes shapes (lower-order
shapes) would be less faithful to the particle’s dimensions and the 3-axes shapes (higher-order) would be
the more faithful to the particle’s dimensions. While the higher-order ellipsoid and rectangular prism were
perhaps closer to the particles’ dimensions, they were not necessarily better in approximating the

extinction efficiency and backscatter fraction than lower-order 2-axis shapes.

Most geometric shapes in this work underestimated the extinction efficiency for the 13 particles studied.
64% to 76% of shapes underestimated the Asian dust particles while 100% of shapes underestimated the
background marine air particles. For the Asian dust, > 93% of the ellipsoid group shapes and 67% to 92%
of the cuboid shapes underestimated extinction. However, only 29% to 30% of the pyramid shapes
underestimated extinction. In general, the pyramid shapes, particularly the tetrahedron, exhibited much

less variation in extinction efficiency, relative to variation among the particles, compared to other shapes.

In contrast to extinction, most geometric shapes overestimated the backscatter fraction with 59% to 79%
of shapes overestimating the Asian dust and 100% of shapes overestimating the background marine air
particles. For the Asian dust, 75% to 80% of the ellipsoid group shapes and 60% to 83% of the cuboid
shapes overestimated the backscatter fraction. However, the pyramid shapes overestimated the
backscatter fraction to a lesser extent, with 64% of the pyramid shapes underestimating or closely

approximating the backscatter fraction for the Ca-rich particles.

In this study, the pyramid shapes, tetrahedron and triangular pyramid, performed best in approximating
the extinction efficiency and generally as well as other 2- and 3-axes shapes in approximating the
backscatter fraction. In some cases, the success of the pyramid shapes may be attributed to their high
angularity and larger surface area which may account for the additional extinction (and the decrease in the
backscatter fraction) of the particles due to surface roughness. Nevertheless, the pyramid shapes,
particularly the tetrahedron, exhibited much less variation in extinction efficiency, relative to variation
among the particles, compared to other shapes. This aspect may limit the versatility of tetrahedra as a

shape model for an ensemble of particles.

Further studies of the optical properties of single atmospheric particles and comparisons with geometric
shapes with high angularity should be undertaken. To account for surface roughness, we suggest that
shapes such as pyramids with increased surface area, relative to spheroids, be considered in aerosol
models for remote sensing. Tetrahedra offer an advantage in that additional parameterization of the

aerosol model with shape aspect ratios is not necessary.
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